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Outline
• Time-domain thermoreflectance for measuring the 
thermal conductivity of almost anything.
• Mapping of conductivity with micron-scale spatial 
resolution.
• Extreme environments: pressure up to 50 Gpa
• Probe-beam deflection for spatially resolved 
measurements of coefficient of thermal expansion 
(CTE).
Some material property filters
• What is the lowest thermal conductivity that is possible in a 
dense solid?   Or with added constraint of being refractory?
– Lower limit is “disordered layered crystals”, e.g., 
turbostratic thin films of WSe2 synthesized at low 
temperatures.  0.05 W/m-K, twice the thermal 
conductivity of air.
• What is the highest possible thermal conductivity possible in 
a polymer?  Or with added constraints on rheology?
– Reported 100 W/m-K  for nanofiber of polyethylene.  
Highest conductivity we have seen is 25 W/m-K for ZYLON 
(PBO).
• What is the highest possible ratio of strength to thermal 
conductivity?
Time domain thermoreflectance since 2003
• Improved optical design
• Normalization by out-of-
phase signal eliminates 
artifacts, increases dynamic 
range and improves 
sensitivity
• Exact analytical model for 
Gaussian beams and 
arbitrary layered geometries
• One-laser/two-color 
approach tolerates diffuse 
scattering
Clone built at Fraunhofer Institute for 
Physical Measurement, Jan. 7-8 2008
psec acoustics and
time-domain thermoreflectance
• Optical constants and 
reflectivity depend on 
strain and temperature
• Strain echoes give 
acoustic properties or 
film thickness
• Thermoreflectance  dR/dT
gives thermal properties
Time-domain Thermoreflectance (TDTR) 
data for  TiN/SiO2/Si






• one free parameter: 
the “effective” 
thermal conductivity 
of the thermally 
grown SiO2 layer 
(interfaces not 
modeled separately)
Costescu et al., PRB (2003)



















TDTR: Flexible, convenient, and accurate
Epitaxial SrTiO3 by pulsed 
laser deposition
ZYLON (PBO) polymer fibers 
cross-sectioned by diamond 
blade microtome (25 W m-1 K-1)
Wang et al., in preparation Oh et al., APL (2010)
15 µm
Thermal conductivity mapping: fix delay 
time and scan position
• At short delay times, t=100 ps,
– in-phase signal is determined by the heat 
capacity of the Al film
– out-of-phase signal is mostly determined by 
the effusivity (ΛC)1/2 of the substrate
9
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Zheng et al., JAP (2008)
High throughput data using diffusion couples
Zhao et al., Materials Today (2005)
Scan temperature to study phase transformations
Ge2Sb2Te5 phase change material
Lyeo et al. (2006)
TDTR is all optical method: adaptable to 
“extreme” environments such as high pressure
Diamond anvil cell







Test the applicability of model of minimum 
thermal conductivity for glassy polymers
• Polymers combine strong 
covalent bonds along the 
backbone (and within the 
side groups) and weak 
“non-bonded” interactions 
between chains. 
• At high pressures, this 
C11 data for PMMA from 
picosecond interferometry
strong inhomogeneity in 
bond strength is reduced.
Nanoscale polymer brushes “grafted 
from” the SiC anvil
Thermal conductivity of PMMA polymer is 
independent of thickness and agrees well with 


























































Time-domain probe beam deflection 





































and bi-axial stress 
of substrate
























































































































































































































































• Time domain thermoreflectance (TDTR) is a robust and 
routine method for measuring the thermal conductivity of 
almost anything (that has a smooth surface).
• Fixing delay time and scanning position or temperature 
provides a power tool for mapping of properties and studying 
phase transformations.
• Applicable to extreme conditions of high pressure (and high 
temperature and magnetic field).
• Time domain probe beam deflection (TD-PBD) provides 
micron-scale measurements of coefficient of thermal 
expansion.
